A new isogene for acyl-(acyl-carrier-protein):glycerol-3-phosphate acyltransferase (GPAT; EC 2.3.1.15) in squash has been cloned and the gene product was identified as oleate-selective GPAT. Using PCR primers that could hybridise with exons for a previously cloned squash GPAT, we obtained two PCR products of different size: one coded for a previously cloned squash GPAT corresponding to non-selective isoforms AT2 and AT3, and the other for a new isozyme, probably the oleate-selective isoform AT1. Fulllength amino acid sequences of respective isozymes were deduced from the nucleotide sequences of genomic genes and cDNAs, which were cloned by a series of PCR-based methods. Thus, we designated the new gene CmATS1;1 and the other one CmATS1;2. Genome blot analysis revealed that the squash genome contained the two isogenes at nonallelic loci. AT1-active fractions were partially purified, and three polypeptide bands were identified as being AT1 polypeptides, which exhibited relative molecular masses of 39.5-40.5 kDa, pI values of 6.75-7.15, and oleate selectivity over palmitate. Partial amino-terminal sequences obtained from two of these bands verified that the new isogene codes for AT1 polypeptides.
Introduction
Acyl-(acyl-carrier-protein):glycerol-3-phosphate acyltransferase (GPAT; EC 2.3.1.15) is a stromal enzyme that regulates glycerolipid biosynthesis in plastids (Roughan and Slack 1984) . In plant cells, fatty acids are almost exclusively synthesised within plastids (Ohlrogge and Browse 1995) , and GPAT regulates the flux of fatty acids into plastidial glycerolipids (Frentzen 1993) . Phosphatidylglycerol in plastids of all plant species and some portions of glycosylglycerides in some plant species are synthesised via lysophosphatidic acid synthesised by GPAT (Ohlrogge and Browse 1995) .
Plants originating from tropical and subtropical areas often suffer severe damage, called chilling injury, in both vegetative and reproductive organs, when they encounter chilling temperatures. Understanding the molecular mechanism of chilling injury is of importance in improving agriculturally useful crops that are quite often chilling-sensitive. A current hypothesis for the mechanism of chilling tolerance predicts that membrane lipid unsaturation in plastids plays a crucial role in determining the chilling tolerance of plants (Murata 1983 , Murata et al. 1992 , Nishida and Murata 1996 . According to this hypothesis, oleate-selective GPAT exclusively occurs in chilling-tolerant plants, whereas non-selective GPAT predominates in chilling-sensitive plants. Thus, in chillingtolerant plants, unsaturated molecular species of plastidial phosphatidylglycerol (PG), which are essential to the recovery process from chilling-induced photo-inhibition (Murata et al. 1992, Nishida and Murata 1996) , are maintained at high levels because of 18:1-selective GPAT. On the other hand, both unsaturated and saturated molecular species of PG occur at comparable levels in chilling-sensitive plants because of non-selective GPAT. Curiously, both types of GPAT isoforms are reported in squash, Cucurbita moschata cv. Shirogikuza, a chillingsensitive plant ).
In C. moschata cv. Shirogikuza we previously identified three GPAT isoforms designated AT1, AT2 and AT3, which had pI values of 6.6, 5.6 and 5.5, respectively, as determined by isoelectric focusing . Isoforms AT2 and AT3, which are non-selective toward saturated and unsaturated acyl substrates , were purified to single polypeptides, each of which exhibited a similar relative molecular mass of 39 kDa by SDS-polyacrylamide gel electrophore-sis . A partial cDNA clone for a precursor to both AT2 and AT3 was isolated using antisera raised against purified proteins (Ishizaki et al. 1988) . Expression of a chimera construct of the squash AT2 in transgenic tobacco reduced the levels of unsaturated PG molecular species as well as the relative degree of chilling tolerance of tobacco (Murata et al. 1992) . On the other hand, AT1 can be discriminated from the other two isoforms with respect to kinetic properties and substrate selectivity, i.e. in vitro, it was demonstrated that AT1 was significantly more selective toward 18:1 over 16:0 than were AT2 and AT3 . However, to determine if membrane lipid unsaturation of plastids in squash is regulated by GPAT isozymes with different substrate selectivities, it will be necessary to clone AT1.
In the present study, we succeeded in cloning genomic genes and cDNAs for two GPAT isozymes in squash: one coded for a precursor to AT1 and was designated CmATS1;1; and the other coded for a precursor to AT2 and AT3 and was designated CmATS1;2. Genome blot analysis with DNA isolated from 16 individual seedlings revealed that the squash genome contained two isogenes for GPAT at non-allelic loci. Furthermore, we conducted protein purification of AT1, and identified three new polypeptide bands contributing to the in vitro activity of AT1, which exhibited relative molecular masses of 39.5-40.5 kDa, pI values of 6.75-7.15, and oleate (18:1)-selectivity over palmitate (16:0). Partial amino-terminal sequences for two of these polypeptide bands verified that CmATS1;1 codes for AT1 polypeptides. It was therefore concluded that CmATS1;1 codes for an 18:1-selective GPAT, which is unusual among chilling sensitive plants.
Materials and Methods

Materials sn-[U-
14 C]Glycerol-3-phosphate (6.29 GBq mmol -1 ) was obtained from Amersham, Japan. The chemicals sn-glycerol-3-phosphate, palmitoyl-CoA, Tris, and bis(2-hydroxyethyl)imino-tris(hydroxymethyl)-methane (Bis-Tris) were purchased from Sigma Chemical Company (St. Louis, MO, U.S.A.), Miracloth from Calbiochem (San Diego, CA, U.S.A.), and Polybuffer 96 and Polybuffer 74 were from Pharmacia LKB Biotechnology (Uppsala, Sweden). Polyethyleneglycol 6,000 (PEG6,000), 6-aminohexanoic acid (AHA), benzamidine hydrochloride (BZH), dithiothreitol (DTT), SDS and other chemicals of special grade were obtained from Wako Pure Chemical Industries (Osaka, Japan). For column chromatography, DEAE-Toyopearl 650C was obtained from Tosoh (Tokyo, Japan), and a Mono-P HR 5/25 prepacked column from Pharmacia. The FPLC system from Pharmacia was used for chromatofocusing with the Mono-P column. An acyl-carrier protein (ACP)-affinity column was made as described previously . Briefly, 20 mg ACP from Escherichia coli strain B (Rock and Cronan 1980) was coupled to Affi-Gel 15 (Bio-Rad Laboratories, Richmond, CA, U.S.A.), and the gel was packed in a 7.9´1.0-cm column (C10/10; Pharmacia). For all buffer solutions, water was purified with a Milli-Q reagent water system (Millipore Corporation, Bedford, MA, U.S.A.) and the pH was adjusted at 4°C. Electrical conductivity was measured with an electrode (Type CG-7001PL; TOA, Tokyo, Japan) connected to a conductivity meter (model CM-20E; TOA).
Plant materials
Seeds of C. moschata, cv. Shirogikuza, an inbred cultivar of squash, were purchased from Watanabe Saishujo (Miyagi, Japan), and germinated in nursery plates on vermiculite irrigated with half-strength Hoagland's mineral solution (Hoagland and Arnon 1938) . The plates were incubated for 5-8 d under continuous fluorescent illumination at a photon flux density of 20 mmol m -2 s -1 .
Amplification of genomic DNA fragments for GPAT isozymes by PCR
The primers SQ12 (5¢-AATGTTGTCTTGATATC) and SQ13C (5¢-GCAATCCATATTAGTTGT), and the primers SQ13 (5¢-ACAACTAATATGGATTGC) and SQ14C (5¢-AGAATCAAACAGT-GCCTT) were used in PCR no. 5 and no. 6, respectively. A cycle profile for PCR no. 5 and no. 6 consisted of 1 min at 94°C (denaturation), 1 min at 45°C (annealing) and 2 min at 74°C (extension), and PCR cycles were repeated 30 times. PCR products were subcloned into pGEM-T Easy Vector (Promega, Madison, WI, U.S.A.) according to the manufacturer's protocol, and plasmids were rescued in E. coli DH5a by electroporation.
Rapid amplification of cDNA ends (RACE)
First strand cDNA was synthesised using a SuperScript ™ Preamplification System (GIBCO BRL, Tokyo) and the gene specific primer NS2 (5¢-ATGCGTCGACGACTCACTATAGGGCGAATTGTTTTTT-TTTTTTTTT) according to the manufacturer's protocol. 3¢RACE (Frohman 1995) was performed using 3 ml first strand cDNA solution as template DNA and 0.4 mM each of the primers SP1 (5¢-TTGCT-GAAAACATGATATAC) and NS1 (5¢-TGCGTCGACGACTCACTA-TAG). The PCR cycle profile consisted of 1 min at 94°C (denaturation), 1 min at 58°C (annealing) and 2 min at 74°C (extension), and at the end of cycle 30, the extension step was increased by an additional 10 min. For effective amplification, nested PCR was further conducted using 1 ml of the first PCR reaction mixture as template DNA and 0.4 mM each of the primers SP2 (5¢-GTTTGATATTCCCGAGCTTG) and T7 (5¢-GACTCACTATAGGGCGAATTG). The representative clone 3R-1 contained a cDNA insert of 980 bp including a 10-bp poly(A) signal. 5¢RACE (Frohman 1995) was performed using a 5¢-Full RACE Core Set (TaKaRa) according to the manufacturer's protocol. The first strand cDNA specific to CmATS1;1 was synthesised using a 5¢-phosphorylated AOT primer (5¢-AGCCTTCTCATGTTG). The resultant single strand cDNA was circularised with T4 RNA ligase, and nested PCR was performed using primer combinations of 1 mg each of the primers SP1 and SP3 (5¢-GGACTTGTCTTTTCAAGCAAC), and 1 mg each of the primers SP2 and SP4 (5¢-TGGATCTGCTTCAGTC-TGATG). The PCR cycle profile consisted of 0.5 min at 94°C (denaturation), 1 min at 56°C (annealing) and 2 min at 74°C (extension), and at the end of cycle 30, the extension step was increased by an additional 10 min. The nucleotide sequence of 850 bp was determined for the representative clone 5R-15.
Thermal asymmetric interlaced-PCR (TAIL-PCR)
TAIL-PCR was conducted according to Liu and Whittier (1995) with the following modifications. In the primary PCR, we used genomic DNA (0.4 mg) as template, 0.13 mM of the gene-specific primer SQ1-I15C (5¢-GTTCAGAGCGAACATCAAGG) and 3.3 mM of the arbitrary degenerate primer TAIL-4 (5¢-GNACTCAGNCATGTNA), with 2.5 U Ex Taq ™ DNA polymerase being added in the first cycle at 80°C. The thermal programme was conducted with the following files: File 1, 93°C (1 min), 95°C (1 min) and 80°C (1 min); File 2, five cycles of serial temperatures at 94°C (30 s), 62°C (1 min) and 72°C (2.5 min); File 3, 94°C (30 s), 25°C (3 min), a ramping to 72°C over 3 min and 72°C (2.5 min); File 4, fifteen cycles of serial temperatures at 94°C (10 s), 65°C (1 min), 72°C (2.5 min), 94°C (10 s), 65°C (1 min), 72°C (2.5 min), 94°C (10 s), 44°C (1 min) and 72°C (2.5 min); and File 5, 72°C (5 min). In the secondary PCR, we used 1.5 ml of a one-fiftieth dilution of the primary PCR products as template, 0.2 mM of the internal gene-specific primer SQ1-I18 (5¢-AT-GGGCGGAGTGCTTGAAGTCGTGC) and 4 mM of the primer TAIL-4. In the tertiary PCR, we used 1 ml of a one-tenth dilution of the secondary PCR products as template, 0.15 mM of the innermost gene-specific primer SQ1-I17 (5¢-CGTTGATCTGGAAGCAACGGAGCAG) and 4 mM of the primer TAIL-4. An identical thermal programme was used for the secondary and tertiary PCR, which consisted of the following files: File 1, 94°C (30 s); File 2, ten cycles of serial temperatures at 94°C (5 s), 63°C (1 min), 72°C (2.5 min), 94°C (5 s), 63°C (1 min), 72°C (2.5 min), 94°C (5 s), 44°C (1 min) and 72°C (2.5 min); and File 3, 72°C (5 min). The nucleotide sequence of 640 bp was determined for the representative clone TAIL4-3.
Amplification of a full-length open-reading frame for CmATS1;1 by PCR
RNA was extracted from developing squash leaves by a Trizol method modified from the original paper (Chomczynski and Sacchi 1987) . Frozen leaves were homogenised in a Trizol reagent solution (Life Technologies, Tokyo, Japan) by vortexing with alumina balls (3 mmf´10, 6 mmf´2) (Nikkato, Tokyo, Japan). The first strand cDNA was synthesised using a Marathon cDNA synthesis primer (CLONTECH Laboratories, Palo Alto, U.S.A.) and a SuperScript ™ Preamplification System (GIBCO BRL, Tokyo, Japan), according to the manufacturer's protocol, whereas double-stranded cDNA was synthesised using a Marathon cDNA amplification kit (CLONTECH Laboratories) according to the manufacturer's protocol. A full-length open-reading frame for CmATS1;1 was amplified using the primers 5-SQ1 (5¢-TACGCTTCATCACATCTCC) and 3-SQ1 (5¢-CCAGTGTT-GTTCTGTGAGTC), and an identical nucleotide sequence of 1,475 bp was determined for two representative clones.
Inverse PCR
Genomic DNA (4 mg) was digested with BglII (50 U) in the presence of 10 mg RNase A. The resultant DNA fragments were self-ligated in 2 ml of a reaction mixture containing T4 ligase (350 U), 33 mM Tris-HCl pH 7.6, 3.3 mM MgCl 2 , 5 mM DTT and 0.05 mM ATP. Onefifth aliquots of self-ligated DNA were used as template DNA for inverse PCR. Inverse PCR was conducted using 1 mM each of the primers SQ-I-2 (5¢-TGTTGCTGCAGGAATGGAAGAAT) and SQ2-I-5 (5¢-GGTCCGAATTGCAGAGAAAGGGG) and 5 U Ex Taq ™ DNA polymerase. The PCR cycle profile consisted of 1 min at 94°C (denaturation), 1 min at 63°C (annealing), and 2 min at 74°C (extension) and at the end of cycle 30, the extension step was increased by an additional 10 min.
Preparation of DNA probes specific to CmATS1;1 and CmATS1;2 DNA fragments that specifically hybridised with 3¢-untranslated regions of CmATS1;1 and CmATS1;2 were amplified by PCR using the primers SQ1-31 (5¢-TTTACAGGCCTGTCCCTAC) and SQ1-32 (5¢-ATTATTCTATTGTTCTGTAACG) and the primers SQ2-31 (5¢-CAGCTGCTAAATTACCAGCCTAT) and SQ2-32 (5¢-CAGCTGTTC-CTTCAACAACTTAAGA), respectively. DNA fragments that specifically hybridised with 5¢-coding regions of CmATS1;1 and CmATS1;2 were amplified by PCR using the primers SQ1-5 (5¢-CCTCTAG-GGTTTCTCTCCC) and SQ1-I15C (5¢-GTTCAGAGCGAACAT-CAAGG) and the primers SQ-top (5¢-TTCTCTAGGGTTTCTCTT) and SQ2-I15C (5¢-CTTCAGAGCGAACATCGAGA), respectively. PCR products were subcloned into pGEM-T Easy vector; 270-bp and 309-bp DNA fragments specific to 3¢-untranslated regions of CmATS1;1 and CmATS1;2 were excised from the vectors by digestion with EcoRV and PvuII, respectively; and 225-bp and 247-bp DNA fragments specific to 5¢-coding regions of CmATS1;1 and CmATS1;2 were excised from the vectors by digestion with EcoRI. DNA was labelled with [a- 32 P]dCTP (111 Tbq mmol -1 , Amersham Pharmacia Biotech, Japan) using a BcaBest ™ Labelling Kit (TaKaRa).
Genome blot analysis DNA was extracted from 16 individual squash seedlings with a Phytopure plant DNA extraction kit (Nucleon Biosciences/Amersham International, Buckinghamshire, U.K.). DNA (5 mg) was digested with EcoRI, separated by agarose gel electrophoresis and transferred onto a Hybond N + membrane. Hybridisation and washings were conducted as described by Ausubel et al. (1990) . Hybridisation cocktails comprised 6´SSC, 5´Denhardt's solution, 10% dextran sulfate, 0.1% SDS and 100 mg ml -1 salmon testis DNA, and washing solutions comprised 2Ś SC and 0.1% SDS.
Assay of acyltransferase
The activity of GPAT was measured as described previously (Bertrams and Heinz 1981, Nishida et al. 1987) , using sn-[U- 
Purification of acyltransferase
All the following steps were performed at 4°C.
Step 1-Squash cotyledons (4.6 kg) were processed in four equal aliquots. Each aliquot was homogenised for 2 min in a blender (CB-6 91-215; Waring, New Hartford, CT, U.S.A.) in two volumes (in total 9.2 iter) of buffer A [45 mM Tris-HCl pH 7.4, 2 mM DTT, 5 mM AHA, 1 mM BZH, and 10% (v/v) glycerol] containing 10 mg ml -1 leupeptin and 10 mM sodium ascorbate. The homogenate was squeezed through two layers of Miracloth.
Step 2-PEG6000 (52 g liter -1 ) was added to the combined filtrate with gentle stirring to a final concentration of 5% (w/v). The suspension was stirred for 30-60 min and the precipitate discarded following centrifugation at 12,000´g (an RPR9-2 rotor; Hitachi Koki Co. Ltd., Ibaragi, Japan) or 16,000´g (a No. 9N rotor; Tomy Seiko Co. Ltd., Tokyo) for 30 min.
Step 3-The pH of the supernatant (12 liters) was adjusted to 7.4 with 2 M Tris, and NaCl (4.1 g liter -1 ) was added to 70 mM to give an electrical conductivity of 7.9 mS cm -1 . The solution was applied to 2 liters of DEAE-Toyopearl 650C, packed in a Chromaflex glass column (30´10 cm; Kontes Glass Co., Vineland, NJ, U.S.A.) and equilibrated with 20 mM NaCl in buffer A. The flow rate was maintained at 30 ml min -1 with a MasterFlex pump (Model 7016-20; Yamato Scientific Co., Ltd., Tokyo) throughout the chromatography. The column was washed with 3 liters of 70 mM NaCl in buffer A and the effluent (12.9 liters), which looked dense because of PEG6000, was recovered. PEG6000 (338 g liter -1 ) was added to the effluent to a final concentration of 30% (w/v) and the suspension was gently stirred overnight. The precipitate was recovered by centrifugation at 12,000´g for 40 min, and the pellet suspended in 200 ml kg -1 cotyledons of buffer B (9 mM Tris-HCl pH 7.4, 1 mM DTT, 5 mM AHA, 1 mM BZH and 10% glycerol). The suspension was stirred for 1 h to solubilize the enzyme and then centrifuged at 12,000´g for 40 min to remove insoluble materials.
Step 4-The supernatant was mixed with an equal volume of dilution medium (1 mM DTT, 5 mM AHA, 1 mM BZH and 10% glycerol) to result in an electrical conductivity of 1.02 mS cm -1 . This was applied to the DEAE-Toyopearl column that was regenerated after step 3 by washing with 3 liters each of 1 M NaCl, 50 mM Tris-HCl (pH 7.4), and 10 mM Tris-HCl (pH 7.4) plus 1 mM DTT. Approximately 50% of the activity loaded on the column came off with dense effluent, and the residual activity was further washed out with 4 liters of 25 mM NaCl in buffer A, which had an electrical conductivity equivalent to that of 60 mM NaCl in buffer B. The pH was adjusted to 7.4 with 1 M HCl immediately after elution, and the combined solution (5.4 liters) was stored overnight at 4°C with additional 5 mM DTT.
Step 5-The solution was mixed with four volumes of dilution medium to result in an electrical conductivity of 1.0 mS cm -1 . The resultant solution was applied onto a 20´5-cm column (K50/30 FF; Pharmacia) of DEAE-Toyopearl 650M pre-equilibrated with 10 mM Tris-HCl (pH 7.4) and 1 mM DTT. The column was washed with 800 ml of buffer A and the flow rate was maintained at 30 ml min -1 with a peristaltic pump (PST-100; Iwaki, Tokyo, Japan). The activity was eluted with 1 liter of 10 mM NaCl in buffer C (9 mM Bis-TrisHCl pH 6.0, 2 mM DTT, 5 mM AHA, 1 mM BZH and 10% glycerol) at a flow rate of 7.4 ml min -1 and fractions were collected in 19.2-ml aliquots. The activity was collected in fractions 24-40, the highest activity appearing in fraction 30 at pH 6.5. Active fractions were combined and the pH was adjusted to 7.1 with 2 M Tris. With additional glycerol to a final concentration of 20% (v/v) and 2 mM DTT, the solution was able to be stored at -80°C for at least 5 months without significant loss of activity.
Step 6-The solution was adjusted to pH 6.0 with 1 M HCl and applied to an ACP-affinity column pre-equilibrated with buffer D (7 mM Bis-Tris-HCl pH 6.0, 1 mM DTT, 5 mM AHA, 1 mM BZH and 30% glycerol). The flow rate was maintained at 0.95 ml min -1 with a peristaltic pump (P1; Pharmacia) throughout the chromatography. The column was washed with 50 ml of buffer D. The activity amounting to 1,300 nmol min -1 , i.e. almost 54% of the loaded activity, passed through the ACP column and this activity was not retained on the column even after re-chromatography at a reduced flow rate of 0.65 ml min -1 . The activity retained on the column was eluted with a linear gradient from 0 mM to 600 mM NaCl in 100 ml of buffer D and then with 20 ml of 600 mM NaCl in buffer D. Fractions were collected in 2-ml aliquots, and active fractions that eluted between fractions 19-58 were recovered. Active fractions were combined and then dialysed overnight against 2 liters of buffer E (7 mM Tris-HCl pH 7.4, 1 mM DTT, 5 mM AHA, 1 mM BZH and 30% glycerol).
Step 7-The ACP-affinity column in step 6 was reused after washing with 1 M NaCl, and dialysed solution was applied onto the column as described above. Almost all the activity loaded onto the column was retained and the activity was eluted under the same conditions as described in step 6.
Step 8-The dialysed solution was applied to a Mono-P HR 5/20 column pre-equilibrated with buffer E (25 mM Bis-Tris-acetic acid, pH 7.0, 2 mM DTT, and 10% glycerol). The column was washed with buffer E until the A 280 of the eluate became constant in an absorbance range of 0.01. The activity amounting to 380 nmol min -1 , i.e. almost 60% of the loaded activity, was not retained on the column and this activity was further purified in step 9. The activity retained on the column was eluted with 50 ml of buffer F [9.5% (v/v) Polybuffer 96-0.5% Polybuffer 74-acetic acid pH 6.0, 2 mM DTT and 10% glycerol] and 60 fractions of 0.5 ml each were collected. The activity was recovered in fractions 35-42 at between pH 6.9-6.5.
Step 9-The activity not retained on the Mono-P column in step 8 was brought to pH 7.6 with 2 M Tris and applied to a Mono-P HR 5/20 column pre-equilibrated with buffer G (25 mM triethanolamine-acetic acid pH 7.6, 2 mM DTT and 10% glycerol). The column was washed with buffer G as described in step 8. All the activity loaded on the column was retained. The activity was eluted with 50 ml of buffer F and 60 fractions of 0.5 ml each were collected. The activity was recovered in fractions 30-41 at between pH 7.36-6.90.
Immunoblot analysis of GPAT polypeptides
Four hundred microliters each of fractions 38 and 39 from the first Mono-P column (step 8), which were equivalent to a GPAT activity of 48 nmol min -1 in total, were subjected to immunoblot analysis. Similarly, 400 ml each of fractions 34 and 36 from the second Mono-P column (step 9), which were equivalent to a GPAT activity of 34 nmol min -1 in total, were subjected to immunoblot analysis. Proteins were denatured by boiling for 5 min in loading buffer (Studier 1973) , and denatured samples were analysed by SDS-gel electrophoresis on a slab gel (10´14 cm, 2 mm in thickness) made of 10-15% linear gradient polyacrylamide. Polypeptides were then electroblotted onto a polyvinylidene difluoride (PVDF)-type membrane (ProBlott; Applied Biosystems, Foster City, CA, U.S.A.) (Matsudaira 1987) at 50 V for 3 h. The membrane was cut along the middle line of each sample lane to give three strips of membrane, i.e. two containing each sample lane and one containing both sample lanes and marker proteins (see Fig. 5 ).
Two membrane strips were processed for immunoblot analysis according to the manufacturer's protocol (ProBlott, Applied Biosystems), and the third was processed for size estimation by staining with 0.1% (w/v) Coomassie Brilliant Blue R-250 (Matsudaira 1987) . The primary antisera were obtained by immunising mice with GPAT overproduced in E. coli, and used in a 500-fold dilution. Goat anti-mouse IgG (H+L)-horseradish peroxidase conjugate (Bio-Rad) was used as the secondary antibody in a 3,000-fold dilution.
Amino acid sequence determination
Amino acid sequences were determined according Matsudaira (1987) , using an automated protein sequencer (model 473A, Applied Biosystems Japan, Osaka).
Substrate selectivity of acyltransferases
Substrate selectivity of AT1 polypeptides was measured as described by Frentzen et al. (1987) , using fraction 39 from the first Mono-P column and fraction 36 from the second Mono-P column. Each reaction mixture (80 ml) contained 1.7 mM [ 14 C]18:1-ACP (1.89 GBq mmol -1 ) and 1.6 mM [ 14 C]16:0-ACP (2.07 GBq mmol -1 ), 0.3 mM glycerol 3-phosphate and 100 mg BSA.
Other analytical methods
SDS-polyacrylamide gel electrophoresis was performed as described by Laemmli (1970) using a 12.5% or 10-15% linear gradient slab gel of polyacrylamide, cast with the addition of 0.5 mM DTT. After electrophoresis, gels were stained with silver (Daiichi Chemical Co., Tokyo, Japan). Protein contents were determined with protein-assay solution (Bio-Rad) (Bradford 1976) , using bovine serum albumin (Sigma) as a reference protein.
Results
Molecular cloning of GPAT isozymes
We first supposed that the nucleotide sequences of squash GPAT isogenes would be highly conserved in exons, but that the structure of introns would be diversified with respect to their size and sequences. Hence, by using an appropriate set of PCR primers that could hybridise in exons and give rise to a PCR product involving one or two introns, we might anticipate different sizes of PCR products from isogenes. In accordance with our anticipation, 0.9-kb and 1.3-kb bands were amplified in PCR no. 5, and 1.8-kb and 1.4-kb bands were amplified in PCR no. 6. The nucleotide sequences determined for subcloned PCR fragments verified that 0.9-kb and 1.8-kb bands were derived from a gene encoding a precursor to AT2 and AT3; thus, we designated the gene CmATS1;2. On the other hand, the nucleotide sequences of 1.3-kb and 1.4-kb bands revealed that these fragments was derived from a novel GPAT, which by further experiments were shown to encode a precursor to AT1. Thus, we designated the latter gene CmATS1;1.
Once genomic DNA fragments for CmATS1;1 were obtained, we decided to amplify a full-length cDNA clone for CmATS1;1 by a series of PCR, such as 3¢RACE, 5¢RACE and TAIL-PCR, as described in Materials and Methods. Eventually, we could construct a nucleotide sequence of 1,808 bp in total for a full-length cDNA clone for CmATS1;1 and deduce an amino-acid sequence of 447 amino-acid residues for a precursor to CmATS1;1 (Fig. 1) . Furthermore, we determined the nucleotide sequence of 9,245 bp of the CmATS1;1 gene, which was also amplified by PCR using primers designed from the CmATS1;1 cDNA.
We previously obtained a partial cDNA fragment for a precursor to AT2 and AT3 (CmATS1;2 precursor), which was later found to contain an incomplete transit peptide. To determine a full-length structure for the CmATS1;2 precursor, we conducted inverse PCR and obtained a genomic DNA frag- Fig. 1 Deduced amino acid sequences for precursors to CmATS1;1 and CmATS1;2. Identical amino acid residues are indicated by asterisks between the sequences. Amino acid residues that were directly determined from AT1 polypeptides are underlined. ment of CmATS1;2, which contained a putative translation initiation site for the CmATS1;2 precursor (data not shown). Thus, a putative amino acid sequence containing 462 amino acid residues was deduced for the CmATS1;2 precursor (Fig.  1) . In addition, we determined the nucleotide sequence of 7,354 bp for the CmATS1;2 gene, which was amplified by PCR using primers designed from CmATS1;2 cDNA sequences.
Genome blot analysis
Cucurbita moschata cv. Shirogikuza is a commercially available inbred cultivar of squash. However, to exclude unexpected genetic contaminations among seeds, genomic DNA was isolated from single squash seedlings and subjected to genome blot analysis. Similar hybridisation patterns were obtained using 16 independent sources of genomic DNA. When a genome blot of EcoRI-digests of genomic DNA was probed with a cDNA insert for a precursor to AT2, hybridisation bands of approximately 5.9, 5.7, 4.6, 4.1, 1.8, 0.9 and 0.8 kb in size were observed (Fig. 2A, lane 1) . When the same blot was reprobed with probes specific to either the 3¢-untranslated (lane 2, 3) or the 5¢-untranslated regions (lane 4, 5) of CmATS1;1 (lane 2, 4) and CmATS1;2 (lane 3, 5), only single bands were observed in each lane ( Fig. 2A) . In other experiments, a genome blot of HindIII-digests of genomic DNA was probed, and a similar conclusion was obtained (Fig. 2B) . These results strongly suggest that the squash genome contained at least two isogenes for GPAT at non-allelic loci, and also confirmed that CmATS1;1 and CmATS1;2 are single-copy genes in the squash genome. Further assignment of HindIII-digested bands will be discussed below with respect to the absence of a third isogene for GPAT in the squash genome.
Partial purification of acyltransferase
Since CmATS1;2 coded for a precursor to AT2 and AT3, we supposed that CmATS1;1 most likely codes for a precursor to AT1. To confirm this, we conducted protein purification of AT1, and the results are summarised in Table 1 . In previous attempts to purify AT1 from squash cotyledons , activity was often lost by prolonged exposure to highly ionic conditions such as in 70% saturation of ammonium sulfate or 500 mM NaCl. Such treatments were therefore avoided as much as possible. The enzyme was partially purified from squash cotyledons by PEG6000 precipitation and a subsequent series of column chromatography with DEAE-Toyopearl 650C (three steps), ACP-Affi-Gel 15 (two steps) and Mono-P HR 5/20 (two steps) ( Table 1) . Cotyledons were homogenised and soluble proteins were extracted to the supernatant of 5% (w/v) PEG6000 (step 2). AT1 was recovered in the flow-through fractions from a DEAE-Toyopearl column in steps 3 and 4, with step 3 removing highly negative polypeptides, and step 4 removing most AT2 and AT3 isoforms. AT1 was further purified by isocratic elution from another DEAE-Toyopearl column (step 5), and the activity was eluted in a peak around pH 6.5, in accordance with a pI value of AT1, i.e. pI 6.6. After two successive steps with ACP-affinity chromatography (steps 6 and 7), the specific activity of AT1 was increased to 1,300 nmol min -1 (mg protein)
. This number is almost 10-fold less than that calculated for purified AT2 (13,500 nmol min -1 (mg protein) -1 ) ).
By Mono-P chromatofocusing, the activity from the ACPcolumn was focused into two fractions as described in steps 8 and 9. The activity, which adsorbed to the first Mono-P column, was eluted with buffer E (step 8) and collected in fractions 36-39 (Fig. 3A) . The highest activity appeared in frac- -1 was achieved, representing a 3,700-fold purification with respect to the specific activity in the homogenate, i.e. the starting material. The recovery was 0.2% relative to the total activity of GPAT in the homogenate. On the other hand, the activity that came through from the first Mono-P column was adsorbed to the second Mono-P column, then eluted with buffer E (step 9) and collected in fractions 34-36 (Fig. 4A) . The highest activity appeared in fraction 35 at pH 7.15. A specific activity of ca. 10,000 nmol min -1 (mg protein) -1 was achieved, representing ca. 16,000-fold purification with respect to the specific activity in the homogenate. The recovery was 0.1% relative to the total activity of GPAT in the homogenate. Figure 3B shows polypeptide profiles of active fractions from the first Mono-P column, as examined by SDS-gel electrophoresis. About five major polypeptides were detected in each lane by silver staining and their molecular masses were estimated to be 50±1 kDa, 40.5±0.5 kDa, 39.5±0.5 kDa, 37±0.5 kDa and 36±0.5 kDa. However, none of these polypeptides alone seemed to be proportionally correlated with the activity. Similarly, Fig. 4B presents a profile of polypeptides in active fractions from the second Mono-P column. Two major polypeptides were detected in each lane by silver staining and their molecular masses were estimated to be 50±1 kDa and 40±0.5 kDa. In this case, the staining intensity of the 40-kDa 32 P]-labelled DNA probes as described below, and radioactive bands were visualized with a BioImage analyser (BAS2000, FUJIFILM, Tokyo, Japan). Lane 1, a membrane strip probed with a 1.4-kb EcoRI fragment of the cDNA clone lAT03 (Ishizaki et al. 1988 ) that represented most parts of the open-reading frame and a part of the 3¢-untranslated regions of CmATS1;2 mRNA; lanes 2 and 3, membrane strips probed with probes specific to the 3¢-untranslated regions of CmATS1;1 and CmATS1;2, respectively; lanes 4 and 5, membrane strips probed with probes specific to the 5¢-coding regions of CmATS1;1 and CmATS1;2, respectively. The probe specific to the 5¢-end of CmATS1;2 contained a single HindIII site, and thus gave two bands. Bands assigned to CmATS1;1 are indicated by an asterisk in (B).
Fig. 3 SDS-polyacrylamide gel electrophoresis of active fractions
from the first Mono-P column (pI 6.75). The polyacrylamide gel was at a concentration of 12.5% and contained 0.5 mM DTT. A, the activity of GPAT in each fraction; B, after electrophoresis the gel was stained with silver. polypeptide in each lane was proportionally correlated with the activity, suggesting that the activity in the pI 7.15 fraction should be ascribed to the 40-kDa polypeptide.
Identification of acyltransferase
Polypeptides run by SDS-gel electrophoresis were electroblotted onto a ProBlott membrane. The membrane was then either stained with Coomassie Brilliant Blue R-250, or processed for peroxidase-mediated staining with primary antisera specific to squash GPAT, as described in Materials and Methods. Among major bands stained with Coomassie Brilliant Blue R-250, only 40.5-kDa and 39.5-kDa bands from pI 6.75 fractions, and a 40-kDa band from pI 7.15 fractions were stained by the peroxidase-mediated staining (Fig. 5) . These results strongly suggest that the 40.5-kDa, 40-kDa and 39.5-kDa polypeptides are GPAT polypeptides. Therefore, it is concluded that the activity of AT1 in vitro should be ascribed to the sum of the activities of the 40.5-kDa, 40-kDa and 39.5-kDa polypeptides.
Amino acid sequence determination
Coomassie Brilliant Blue-stained bands were excised from a PVDF-type membrane and subjected to amino acid sequence analysis. The 40-kDa and 39.5-kDa polypeptides gave overlap-
respectively, where X stands for unidentified amino acid, and overlapping sequences are underlined. On the other hand, the sequence determination of the 40.5-kDa polypeptide was unsuccessful. Figure 6 shows an alignment of partial amino acid sequences of AT1 polypeptides, CmATS1;1, CmATS1;2 and other GPATs (Ishizaki et al. 1988 , Weber et al. 1991 , Nishida et al. 1993 , Bhella and MacKenzie 1994 , Fritz et al. 1995 , Ishizaki-Nishizawa et al. 1995 , Johnson et al. 1992 , Wolter 1996 . Among 15 amino acid residues determined for 40-kDa and 39.5-kDa AT1 polypeptides, each was identical to the deduced amino acid sequence of CmATS1;1, suggesting that these AT1 polypeptides are derived from a precursor to CmATS1;1. Figure 6 also shows a clear difference between AT1 and CmATS1;2 sequences, i.e. amino acid residues are different between these polypeptides in at least five positions, which are indicated by asterisks above the CmATS1;1 sequence. This result strongly suggests that CmATS1;1 codes for AT1 in squash cotyledons. , were run in lanes 1 and 3, respectively. Lane 2 contained marker proteins for calibration of molecular masses: phosphorylase b, 94 kDa; BSA, 67 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa; soybean trypsin inhibitor, 20.1 kDa; and =-lactoalbumin, 14.4 kDa. Membrane strips excised from both sides of the membrane were processed for staining with 0.78 mM 3,3-diaminobenzidine and 0.01% H 2 O 2 , whereas the remainder of the membrane was stained with 0.1% Coomassie Brilliant Blue R-250, as described in Materials and Methods.
Substrate selectivity of AT1
To examine whether AT1 polypeptides identified in this study exhibit selectivity to 18:1 over 16:0, a mixture of [ 14 C]acyl-ACPs were incubated with active fractions, and radioactive fatty acids incorporated into lysophosphatidate were determined. When fraction 39 from the first Mono-P column, which contained both 40.5-kDa and 39.5-kDa AT1 polypeptides (Fig. 3B) , was incubated with a mixture of 1.7 mM [ 14 C]18:1-ACP and 1.6 mM [ 14 C]16:0-ACP in the presence of 0.3 mM glycerol 3-phosphate, 18:1 was incorporated into lysophosphatidate at an average ratio of 91±0.7 : 9±0.7 (n=3) over 16:0. Similarly, when fraction 36 from the second Mono-P column, which contained the 40-kDa AT1 polypeptide (Fig. 4B) , was incubated under similar conditions, 18:1 was incorporated into lysophosphatidate at an average ratio of 93±1.4 : 7±1.4 (n=3) over 16:0. These results suggest the possibility that GPAT encoded by CmATS1;1 exhibits 18:1-selectivity over 16:0, at least under certain physiological conditions.
Discussion
GPAT has attracted general interest as an important target gene for improving the chilling tolerance of plants (Nishida and Murata 1996 , Murata and Tasaka 1997 , Frentzen and Wolter 1998 , and previous studies have successfully cloned precursors to GPAT in eight dicotyledonous species (Ishizaki et al. 1988 , Weber et al. 1991 , Nishida et al. 1993 , Bhella and MacKenzie 1994 , Fritz et al. 1995 , IshizakiNishizawa et al. 1995 , Johnson et al. 1992 , Wolter 1996 . These studies revealed that all cDNAs cloned for GPATs from the same plant species are represented by a unique mRNA species. Furthermore, a genetic study with Arabidopsis thaliana indicated that all isolated mutants exhibiting little GPAT activity mapped closely to a unique genetic locus, act1, in chromosome 1 (Kunst et al. 1988) . These data were consistent with the generally accepted concept that the plant genome contains a unique nuclear gene for GPAT in plastids (Browse and Somerville 1991) . However, early in vitro studies based on protein purification and isoelectric focusing have intriguingly suggested that isozymes of GPAT might exist in plastids in at least some plant species (Bertrams and Heinz 1981, Nishida et al. 1987) . Bertrams and Heinz (1981) were the first to demonstrate the presence of GPAT isoforms in pea chloroplasts, which had pI values of 6.3 and 6.6 as determined by isoelectric focusing. Similarly, our previous study identified three GPAT isoforms in squash cotyledons . However, these studies did not determine whether GPAT isoforms within cultivars originated from isogenes, from allelic genes, from post-translational modification, or as an artefact of the purification process.
In the present study, several lines of evidence were obtained suggesting that squash contains two isogenes for GPAT, Fig. 6 Alignments of partial amino acid sequences of GPAT from higher plants. Amino acid residues are expressed by one letter codons. Partial amino acid sequences determined for AT1 polypeptides are compared with deduced amino acid sequences for CmATS1;1 and CmATS1;2 from Cucurbita moschata and for GPATs from Cucurbita ficifolia (Accesssion no. AF09735), Cucumis sativus (Johnson et al. 1992) , Arabidopsis thalilana (Nishida et al. 1993) , Carthamus tinctorius (Bhella and MacKenzie 1994) , Pisum sativum (Weber et al. 1991) , Phaseolus vulgaris (Fritz et al. 1995) and Spinacia oleracea (Accession no. X77370). Conserved amino acid residues between AT1 and other GPATs are shown in boxes. Amino acid residues of AT1 polypeptides that were not found in CmATS1;2 sequence are shown by (*) above one letter codons. It should be noted that the amino-terminus of purified AT2 was determined to start from the sixth residue of the CmATS1;2 sequence in the alignment, i.e. E (Ishizaki et al. 1988 ). designated CmATS1;1 and CmATS1;2. Firstly, we succeeded in amplifying CmATS1;1 and CmATS1;2 gene fragments by PCR, using genomic DNA from a single squash seedling as the template. Secondly, genome blot analysis with DNA isolated from 16 independent squash seedlings revealed the same pattern of hybridisation bands that were specific to CmATS1;1 and CmATS1;2 (Fig. 2) , suggesting that the CmATS1 isogenes are not allelic to each other, but are located at different loci in the squash genome. Finally, GPAT polypeptides identified in the AT1 fraction gave amino-terminal sequences that could be deduced only from the nucleotide sequence of CmATS1;1 (Fig.  6 ). This is direct evidence that the CmATS1;1 isogene is really expressed in squash.
An amino acid sequence for a precursor to AT1 was deduced from the nucleotide sequence of the amplified CmATS1;1 cDNA fragment. A deduced amino-acid sequence of 447 amino-acid residues is shown in Fig. 1 . The CmATS1;1 precursor showed an identity of 81.0% with the CmATS1;2 precursor. Although the structure of mature protein for GPAT is not known (Nishida et al. 1993, Murata and Tasaka 1997) , Murata and Tasaka (1997) proposed a putative site for processing transit peptide by sequence comparison among squash, cucumber and Arabidopsis GPATs. Based on this hypothesis, pI values of 6.1 and 5.2, and relative molecular masses of 43.5 kDa and 43.7 kDa, were calculated for CmATS1;1 and CmATS1;2, respectively. These results support our view that CmATS1;1 and CmATS1;2 encode precursors to AT1 and AT2/ 3, respectively.
Genome blot analysis showed that several bands cross-hybridised with a GPAT probe derived from a lAT03 cDNA clone for CmATS1;2 (Ishizaki et al. 1988) (Fig. 2) . In order to estimate the number of isogenes present in the squash genome, assignment of all hybridisation bands is essential. When HindIII-digests of squash DNA were used, 9.6-, 5.0-, 3.5-, 2.3-, 1.9-, 1.2-, 0.95-and 0.5-kb bands were detected (the 0.5-kb band was subsequently found to be triple bands). Using gene specific probes, 9.6-and 5.0-kb bands were assigned to 5¢-and 3¢-end fragments for CmATS1;1, respectively, whereas 0.5-and 1.9-kb bands were assigned to 5¢-and 3¢-end fragments for CmATS1;2, respectively. For further assignment, the CmATS1;1 and CmATS1;2 sequences, which contained 9,245 bp and 7,354 bp, respectively, were analysed for putative HindIII restriction sites. From this, we predicted that the 3.5-kb band was derived from CmATS1;1 and 2.3-, 1.2-, 0.95-and 0.5-kb bands were derived from CmATS1;2, and there was no other band which could be assigned to either gene. Hence, no evidence of a third GPAT isogene in the squash genome was found.
If squash has two isogenes for GPAT, do other plants have isogenes for GPAT? As described above, isomeric GPAT activities were demonstrated in pea (Bertrams and Heinz 1981) , squash , and other plants such as pea, spinach, rice, and barley (Jean-Paul Dubacq, Ikuo Nishida and Norio Murata, unpublished results), by isoelectric focusing. Sekiya et al. (1993) reported seasonal changes in the levels of unsaturated molecular species of PG in winter leaves of Citrus junos and other evergreens, and discussed the possible involvement of 18:1-selective and non-selective GPATs in the regulation of unsaturation levels in PG. These results circumstantially support our view that GPAT isogenes occur more widely among plant species than previously thought. If this is the case, it is interesting that cDNA clones for GPAT isogenes have not been identified despite extensive cloning studies. One possible explanation relates to the differential accumulation of transcripts for GPAT isogenes in plant organs. In general, levels of GPAT transcripts are thought to be relatively low in most plant species. This view is supported by our recent search in Arabidopsis and other EST databases and publications (Mekhedov et al. 2000) , which failed to retrieve cDNA clones for GPAT. Moreover, if the levels of transcripts were quite different between GPAT isogenes in plant organs from which a cDNA library were constructed, isolation of cDNA clones representing isogene transcripts by heterologous hybridisation would not be practical. In the present study, we have taken a different approach to the problem. We anticipated heterogeneity in the structure of isogenes, and directly amplified genomic DNA fragments for GPAT isogenes by PCR. This strategy is not only powerful in identifying GPAT isogenes in other plant species, but also has general applicability to a search for isogenes of low-abundant enzymes/proteins differing in their expression levels.
Plastids are self-replicating organelles that are only found in cells of photosynthetic eukaryotes. They occur in a variety of types, shapes, sizes and colours (Tilney-Bassett 1989) and sometimes with different intraplastidial membrane structures. Since glycerolipids are basic components of plastid membranes, a fundamental question is how the biosynthesis of glycerolipids is regulated in co-ordination with the proliferation, differentiation and development of plastids. Since GPAT regulates the flux of fatty acids into plastidial glycerolipids, we can speculate that GPAT isozymes might have differential functions in the lipid synthesis accompanying plastid membrane development. At present, we do not have direct evidence to support this view. However, Xu and Siegenthaler (1996) reported in the same cultivar of squash that the level of unsaturated PG molecular species was higher in etiolated cotyledons than in greening cotyledons. This finding circumstantially supports our hypothesis that CmATS1 isozymes are differentially regulated during development of squash organs. Furthermore, although additional studies are required for evaluating the role of GPAT isozymes in squash, our preliminary results from RNA blot analysis suggest that differential accumulation of mRNAs for CmATS1 isozymes occur during the development of squash cotyledons and leaves (Sugiura et al. 2000) .
In conclusion, we identified two isogenes for GPAT in squash, and isolated cDNA and gene fragments for the respective isozymes. These results raise several questions. Given that squash is a typical chilling-sensitive plant, why does it require 18:1-selective GPAT? If squash has more than one GPAT isozyme, when and where are they expressed during organ development and the accompanying extensive proliferation, differentiation and development of plastids? If the substrate selectivity of GPAT isozymes differs, what can we predict for the mechanism of the substrate selectivity of GPAT by comparing the polypeptide structure of GPAT isozymes? Using gene materials obtained in this study, questions such as these can be addressed in future studies.
